Direct numerical simulations of particles in a serpentine duct were conducted at bulk flow Stokes numbers between 0.125 and 6. The geometrical curvature causes particles to depart direction from the mean flow. Above a Stokes number of about unity, a reflection layer forms along the outer curve of the bend. Reflectional mixing creates regions of nearly uniform particle mean velocity and kinetic energy. Particles leave the inner bend in a plume that separates from the inner wall at low Stokes number. At higher Stokes number, the plume splits in two, adding an upper part consisting of ballistic particles, that do not follow the geometrical curvature. When the Stokes number is low, the instantaneous 3-D distribution of particles visualizes wall streaks. But at higher Stokes number, particles disperse out of the reflection layer and form large scale puffs in the central portion of the duct.
I. INTRODUCTION
The study of particulate transport in turbulent flow has many motivations. In some, streamline curvature plays an essential role. We present, herein, direct numerical simulations (DNS) of particulate dispersion in an S-shaped channel. This is a geometry in which a fully developed flow can be established by applying periodicity of the velocity field between inlet and exit planes. The methodology, grid refinement studies and flow simulations were presented in Laskowski and Durbin. 1 The same grid and simulation code are employed here, with one caveat: the geometry is reduced to a U-bend, with the velocity being periodic from exit to inlet after reflection in the streamwise direction. The full S-duct was required in Laskowski and Durbin, 1 because the duct was allowed to rotate.
Particles have been tracked in this flow to investigate the role of curvature in particulate dispersion. Several studies of dispersion in plane channel flow (collated in Marchioli et al. 2 ) have explored effects of turbulent intensity and Stokes number, St. Curvature introduces additional phenomenology.
Computer simulation of particle transport in curved ducts has been conducted for its relevance to deposition 3, 4 and erosion. 5, 6 The need for advancement in modeling strongly suggests fundamental studies that include curvature. Fundamental, in the present context, means a simple geometry with fully developed flow and no inlet dependence. Fully developed particle concentrations are established only after many through flow times, especially for light particles (low Stokes number). That may limit the direct connection to some practical applications; but the same is even more so in a plane channel. In a curved channel, centrifugal acceleration and reflection from walls accelerate the approach to equilibrium of high Stokes number (St) particles, and fully developed flow becomes quite relevant to non-equilibrium applications. One role of the present study is to create benchmark data on particulate dispersion in a curved channel.
The planar channel illustrates the intriguing phenomenon of turbophoresis. 7, 8 This is a particle drift, caused by gradients of the mean-square of the fluctuating particle velocity. Thereby thin layers of high concentration form next to walls; the higher the Stokes number, the thinner the layer. Turbophoresis plays a small role in the present geometry. Rather, particles are centrifugally accelerated in the bend, causing near-wall concentration layers. Mixing within these layers is significantly affected by particle reflection from the wall. Nevertheless, thin, high concentration layers again are seen next to walls. Such is peculiar to turbulent boundary layers, with their viscous sublayer.
A plume of low velocity particles is seen to separate from the inner wall of the bend ( Figure 1 ) and be dispersed into the flow. For heavier particles, the plume splits in two, or rather into the low speed plume and a ballistic plume of higher speed particles. The higher Stokes number particles reflect from the outer wall of the bend, creating a thick, high concentration layer. This reflection layer thickens with increasing St and particles are dispersed back into the channel, downstream of the bend. The reflection layer also is apparent in profiles of mean velocity, and in the turbulent kinetic energy of the particulate phase, which rises quite substantially within the layer.
The particulate phase, mean flow becomes increasingly asymmetric between the two legs of the U-duct as St increases. This is partly a centrifugal effect, but is, as importantly, a consequence of the elevated concentration near the outer wall of the bend. Particles dispersing back into the flow have a velocity that is biased away from the wall.
The instantaneous particle distribution in the serpentine channel is also discussed in the present article. As is well known, particles accumulate in low speed, near-wall streaks in the instantaneous flow; [9] [10] [11] indeed, this is the origin of the terminology "streak." In planar channel flow, segregation into streaks becomes stronger as St increases from low values (it saturates at large St, then decreases a bit). Particles appear to entrain into low speed streaks from the high concentration layer next to the wall. That follows from the observations that upward velocity is associated with the formation of low speed regions, and that upward velocity is accompanied by lateral convergence, which carries' particles into the streaks.
In the S-shaped channel, low St particles again accumulate in low speed streaks but heavier particles do not. Because of the thick reflection layer, heavier particles are resuspended and accumulate in puffs in the central region of the channel. In the curved section, reflection of heavier particles from the wall prevents the high surface concentration that causes accumulation into streaks. Particles are entrained from the reflection layer into large eddies which occur in the central region of the channel.
II. COMPUTATIONAL APPROACH
The flow simulation algorithm has been described in previous studies. 1 Time is advanced by second order Adams-Bashforth; spatial discretization is by staggered finite volumes on a curvilinear grid; convection and diffusion are treated by second order, central fluxes. A pressure correction method is used to enforce incompressibility. In the span, the grid spacing is uniform with a periodic condition between the ends. The Poisson equation is solved by FFT and line relaxation, with multi-grid acceleration.
Extensive grid refinement studies are reported in Laskowski. 12 The present simulation is on the 768 Â 128 Â 256 (streamwise, spanwise, and wall normal) grid selected in that reference; it was found to provide a grid insensitive solution. This is grid F1 of Figure 4 in Laskowski and Durbin. 1 The bulk Reynolds number is Re b ¼ 2, 800; the Reynolds number based on the averaged skin friction is Re s ¼ 200. The geometry is shown in Figure 1 : the diameter of the bend equals the duct height. That particular curvature ratio was selected by Laskowski This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to is a selectable parameter, the value of unity serves the present purpose-to investigate particle dispersion-with sufficient generality: the present variation of phenomenology with Stokes number covers a range of curvature effects. Particles are tracked using the drag formulas
where subscript f denotes the fluid and p is the particle. These are widely used in simulations of particles in turbulence. They describe non-interacting, point particles, with no influence back on the flow. Extensive tests of time-step dependence are reported in Huang. 13 It was found that particle concentrations were independent of time-step when the particle time-step was one half the flow time-step. The latter was constrained by a CFL < 1 criterion. Fluid velocity at the particle position was obtained by a combination of mapping to computational space and trilinear interpolation. 3, 13 Concentrations were obtained by binning on a separate grid. The binning grid had 800 points spaced uniformly across the channel and 3072 points spaced uniformly in the streamwise direction. Concentration is defined by the number density in these cells. The data were coarsened when post-processing, depending on the required resolution.
Both particle and flow algorithms are message-passing-interface parallel. Because particle concentrations become highly nonuniform, load balancing for that part of the simulation is poor. However, all the various Stokes number particles are tracked in a given flow field, which contributes to numerical efficiency.
III. ILLUSTRATION OF A REFLECTION LAYER
The notion of a reflection layer can be introduced by a "toy problem." Consider flow toward a plane wall at y ¼ 0. Particles are released at some height above the wall and a reflection boundary condition is imposed. Further, let the mean flow be a uniform strain, v f ¼ Àaỹ. The particle trajectory solves
with initial conditionỸð0Þ ¼ y 0 and dtỸð0Þ ¼ Àv p . In non-dimensional form, with t ¼ at, YðtÞ ¼Ỹðat Þ=y 0 , and
with initial condition Y(0) ¼ 1 and d t Y(0) ¼ Àv p =ay 0 : Àb. b is the initial ratio of particle to fluid velocity. A reflecting wall is located at y ¼ 0. The solution with perfect reflection equals the absolute value of the solution with no reflection. Thus, if a particle crosses y ¼ 0 from above, it has reflected from the surface and its position is jyj. After reflection, the straining flow exerts a force back toward the surface. The maximum height that the trajectory reaches after reflection equals the most negative value of the solution to Eq. (3).
The solution to Eq. (3) is
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If St 1=4, k is real and the particle can strike the wall one time, at most. If St > 1=4, the solution is oscillatory and the particle can strike the wall multiple times. It will rise highest above the wall after the first reflection. At long times Y(t) ! 0. When St > 1=4, the solution can be written as
The solution with reflection from a wall at y ¼ 0 is jYj. When Y ¼ 0, the particle strikes the wall. If St < 1=4, this occurs at a time, T 0 , that satisfies
There is no solution for T 0 unless the numerator on the right is positive. This is so if
In this case of St < 1=4, that requires b > 2; so particles can hit the wall only if their initial velocity toward the wall is greater than twice the fluid velocity. Barring that, low Stokes number particles do not reach the wall. When St > 1=4 the solution becomes Eq. (5). The particle reaches y ¼ 0 at time T 0 , which satisfies
This has a solution when b ¼ 1, so particles that start with the fluid velocity can reach the wall. As St ! 1=4, the wall is reached only at long times,
This defines the thickness of a reflection layer. If b is random, an average value may be used. The reflection layer first occurs above a minimum Stokes number of 1=4, then thickens as the particles become heavier. The thickness increases approximately as the square root of the Stokes number. Multiple rebounds fill in the region between the wall and jY min j. As the particle reflects from the wall, the sign of its velocity changes; hence, the particle velocity at any y can have more than a single value. Figure 2 is an example: the vertical axis is height above the wall and the curves show the particle velocities that occur at each height. The dashed line is the fluid velocity, v f ¼ Ày. In a turbulent flow simulation, the multiple values caused by reflection contribute to the difference between particle statistics for v(y) and fluid velocity statistics.
IV. SERPENTINE CHANNEL
The bulk Stokes number is defined as
where h is the channel half-height. The friction velocity Stokes number is related to St b by
which is about 14St b . In the serpentine, Re s ¼ 200. The friction velocity is obtained from the skin friction averaged over the S-geometry. This is used to define the wall unit as y þ ¼ y=h Â Re s . In Refs. 6 and 13, the numerics were successfully validated against a plane channel with the same St b : Re b was 2, 800 for both the plane and serpentine channels.
A. Distribution and concentration
In Figure 3 , particle positions are projected into the plane z ¼ 0 at various St b between 0.125 and 6. Again, the particles, initially, are distributed with statistical uniformity and they evolve to statistical equilibrium. In the U-shaped channel, equilibrium is established in less than 6 through flow times. For light particles, this is far less than is required in a plane channel-on the order of 180 flow through times.
Velocity vectors of the mean flow are provided in Figure 4 . Further data on the mean and turbulent flow fields can be found in Laskowski and Durbin 1 and Laskowski.
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Sample particulate trajectories in Figure 5 illustrate how the lightest particles move with the flow, occasionally leaving it, to glance off the wall. The inertia of a bit heavier particles carries them centrifugally outward from the flow within the bend. The heaviest particles reflect from the outer wall of the bend. The behavior is somewhat reminiscent of Sec. III: wall impact occurs only if the Stokes number is high enough. Multiple reflections then lead to accumulation within a reflection layer; this is seen in the higher St b cases of Figure 3 . That the layer thickens with St b is clearly evident in the contours of concentration in Figure 6 . The layer appears at a Stokes number near unity, but one cannot give a specific value. A definite, threshold Stokes number could be found in Eq. (6) only because that is a highly simplified model.
The particle concentrations in Figure 3 are determined by the combination of turbulent dispersion, centrifugal acceleration and reflection from the wall. The lightest particles nearly follow the fluid flow; however, they depart slightly in the curved section and accumulate near the outer wall of the bend. This creates a higher concentration next to the wall; even in this case, of the lightest 2012) particles, the concentration along the outer curved wall is several times higher than in the central portion of the channel. The St b ¼ 1.0 particles leave the inner bend in plumes ( Figure 6 ). These are composed of the low speed particles coming from the viscous wall layer. They follow the flow more closely than the faster particles, farther from the surface. By St b ¼ 3, the plume appears to split in two. Faster particles follow ballistic trajectories that collide with the outer wall, while particles from the viscous layer follow a curved path, and disperse in the central region. The low speed plume nearly disappears for the heaviest particles, St b ¼ 6. Particles that collide with the outer bend usually suffer multiple reflections-reminiscent of Sec. III. A thick layer of high concentration is created next to the outer wall. This reflection layer disperses back into the channel.
Although particle reflection will occur under mean convection alone (or in laminar flow) turbulence plays a major role in the patterns seen in Figure 6 . This was demonstrated in Huang and Durbin. 6 It was shown there how turbulent dispersion dominates at low St b ; mean convection produced a dramatically different distribution of particles from that of Figure 6 .
Line plots of concentration near the wall provide another perspective. Figure 7 presents data on surface 1 of Figure 1 . The abscissa in Figure 7 corresponds to the centerline in Figure 1 . The portion 0 < s=p < 2 is a straight section leading to the inner bend; 2 < s=p < 4 is the inner bend; This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to 4 < s=p < 8 is a straight section between the inner and outer bends; 8 < s=p < 10 is the outer bend; and 10 < s=p < 12 is a straight section downstream of the outer bend. (In the U-geometry, the abscissa starts on the lower wall at the inlet and progresses along the inner wall; then it connects from the upper wall at the exit of the U to the upper wall at the inlet to the U, and continues along the outer wall.) In the initial section, the concentration increases from St b ¼ 0 125 to 1, then decreases as St b increases further. Near the inner bend, concentration decreases to zero for the heavier particles, as inertia carries them away from the surface. Along the long straight section, concentration rises as particles are dispersed across the channel by turbulence. Along the outer curve, the concentration increases, then decreases with St b , as the particles are first centrifuged, then reflect from the walls. The increase in surface concentration between s=p ¼ 10 and 12 when St b ¼ 2 and 6 might be attributable to turbophoresis. However, most of the features are attributable to mean convection, centrifugal acceleration, wall reflection, and turbulent dispersion. where a is the angle of incidence, are used for the normal and tangential coefficients of restitution. 13, 14 Where the elastic and inelastic data differ, reflection plays a significant role. It is most noticeable when St b ! 2 and 6 < s=p < 10, which is the straight section after the inner wall. The 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to inelastic particles do not reflect as high as the elastic particles. The elastic particles form a thicker reflection layer, which disperses across the duct, and the concentration recovers more rapidly than that of the inelastic particles.
B. Velocities
The mean velocity of light particles is virtually identical to the fluid velocity. The contours in The most noticeable feature of the V p contours (Figure 8 ) is the development of an upward velocity in the lower leg of the U-bend. This is a consequence of transport of particles out of the reflection layer, into the center of the channel. The average particle velocity is conditioned on the presence of a particle, so even without inertia, the velocity would be biased by dispersion upward, away from the high concentration on the lower wall.
Near the inner wall of the bend, the region of high V p shifts downward as St b increases from 0.125 to 0.5. Subsequently, particles are thrown out of the high velocity region, and there are no data near the inner bend (shown as a white region).
A region of nearly uniform, negative V p develops near the outer, curved wall, where reflected trajectories overlap. The uniformity is caused by reflectional scrambling: particles form a dispersed layer due to inertia and reflection; the various angles of incidence within the bends fill a zone next to the outer wall with crossing trajectories. Thus, a type of reflectional mixing supplements turbulent dispersion. It is analogous to Sec. III (perhaps letting b or a have randomness) in that multiple reflections of deterministic trajectories can create a reflection layer; the toy problem provides a conceptually simple picture.
Data at the middle of the U-bend-that is, at 90 around the bend-make the reflection layer evident. The magnitude of the mean downward velocity, V þ p , decreases with St b in the center of the channel; but, moving radially outward, it rises abruptly into the reflection layer, as seen in Figure 9 . The tongue of low velocity that was seen to move down, into the bend, in Figure 8 , is seen in Figure 9 as a decrease of the magnitude of V þ p in the region of d < 1. At larger d an abrupt increase of jV þ p j is seen when St b > 0.5, as the reflection layer forms. Within the reflection layer, the magnitude of the particle velocity is similar to that of the fluid velocity. Eulerian data are obtained by binning the Lagrangian simulations, so one can only speculate why the particle velocity approaches the fluid velocity in the reflection layer. It may be that the additional path length of the reflected particles allows their velocity to damp toward that of the fluid. Also, specular reflection of the faster particles may convert some momentum from the U-Cartesian velocity into V p . The U p component (Figure 10 ) shows how the particles become increasingly ballistic in the upper leg, as St b increases; that is, the high velocity contour extends increasingly into the bend. Again, one sees a zone of reflectional mixing, which averages the particle velocity within a region near the outer wall of the bend.
The high velocity contours in the lower leg of the U-duct are smoothed as the Stokes number increases. As turbulence disperses particles across the channel, they sample the velocity variation, and their dynamics (Eq. (1)) low-pass filter that variation. 
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The fluctuating particle velocity is greatly influenced by Stokes number. Again, the contours in Figure 11 at St b ¼ 0.125 are virtually the same as the fluid turbulent kinetic energy, k. Large values near the inner wall, after the bend, are due to the slender separation bubble.
In the figures for St b ¼ 3 -6, larger values of k p develop along the outer wall of the curve. This is due to reflection, and to the heavier particles entering the low mean velocity region. Their velocity is higher than average, so they contribute to the fluctuation relative to the mean. The heavier particles do not move along the inner bend, so there is a region that is unreachable to them, which is white in Figure 11 .
Profiles at three sections of Figure 11 are shown in Figure 12 . The top two figures are at each end of the straight section; the leftmost is at the entrance to the duct, and the other is at the end of the straight section, just before the bend. In the straight portions of the channel, the particle kinetic energy decreases with increasing St b , similarly to what is seen in a plane channel. 2, 13 This is the low pass filtering effect of drag. In other words, Eq. (2) implies
for a Fourier frequency x, so that the particle velocity fluctuations are less than those of the fluid and decrease with Stokes number (i.e., T p ).
At the entrance to the bend there is a low velocity region near the outer wall, where the strong deceleration creates large velocity fluctuations. This refers to the pane on the top right of Figure  12 , near d ¼ 2. The coordinate, d, is y=h in straight sections and (r À r 0 )=h in the curved section, increasing from 0 to 2 between the walls.
The lowest pane in Figure 12 shows particle t.k.e. at the midpoint of the bend. Figure 9 , where V has a large gradient; for instance, the magnitude of V p can be seen to increase sharply near d ¼ 1.1 when St b ¼ 6. One could think in terms of gradient production, as in the fluid phase; but, in this case, the steep gradient of V is caused by reflectional mixing.
Even without turbulence, an area within the bend would contain incident and reflected particles, moving with different velocities, as shown in Sec. III and Figure 5 . They have a mean and variance. They contribute to the disparity between particle velocity variance and fluid velocity variance. This effect makes reflection very difficult to represent in two-fluid turbulence closure models. 15 It is rather unclear how a statistical closure model can determine the particle velocity variance within the reflection layer (Desjardins, Fox, and Villedieu 16 propose a higher moment method that can represent reflection in the concentration field). The present data pose a challenging Eulerian modeling problem.
V. THREE-DIMENSIONAL STRUCTURE
The three-dimensional, instantaneous distribution of particles is related to features of the velocity field of turbulent eddies. 9, 11 In attached, wall bounded flow, the most pronounced feature is highly elongated regions of positive and negative streamwise perturbation velocities, that are repeated with mild regularity in the spanwise direction. In the plane channel, it is observed that particles accumulate into these regions. Those streaks of particle concentration visualize the streamwise elongated features of the turbulent velocity field. Indeed, the pattern of velocity perturbations also is commonly referred to as "streaks," invoking a term from flow visualization.
Long regions of negative u-perturbation are called low speed streaks. Low speed streaks form where fluid is moving away from the wall. They are attributed to lift-up of low speed fluid in these regions. Where the fluid moves upward from the wall, mass conservation requires a lateral inflow; 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to thereby the high concentration of particles near the surface is carried into the low speed streak. That the particle accumulations have a kinematic origin is readily checked: if an instantaneous flow field is frozen in time, and particles are released uniformly near the wall, they are seen to accumulate into the streaky pattern. In the evolving flow, elongated features have a low frequency and this same segregation occurs. The full picture of convergence zones and upwelling is not entirely clear; but the long, jet-like velocity perturbations are essential to elongating the high concentration regions. Three-dimensional, instantaneous fields of particle position are presented in Figure 13 for the U-bend. Segregation into a streaky pattern is seen at low St b . Particles accumulate on the lower wall of the straight section (Figure 3) , and the streaks become apparent on that wall in the left portion of Figure 13 -where St b ¼ 0.5. Oversetting particles atop contours of surface stress shows that the higher concentrations occur where the u-component of the velocity fluctuation is negative; 13 that is, the accumulation is in low speed streaks. These aspects correspond to what is seen in the plane channel. 11 High particle concentration near the wall is prerequisite to particles coalescing into long flow features. Contours of vorticity magnitude in the left portion of Figure 14 show a similar pattern to the particles. Velocity vectors near the walls are shown in Figure 15 , illustrating the jet-like streaks. More extensive views of the near-wall velocity and vorticity fields can be found in Laskowski. 12 The right side of Figure 13 is a case with higher St b . The flow field is the same as in the left portion, but the concentration field differs substantially: particles no longer form into streaky patterns; more nebulous clouds are seen. At this Stokes number, a thick reflection layer was seen next to the wall (Figure 3 ). The thicker layer alters the pattern of accumulation. Particles no longer visualize of the low speed regions next to the wall; rather, they are entrained from the reflection layer into larger eddies in the central portion of the channel. Large eddies waft particles in larger "puffs." These features are less distinctive than the streaks. Vorticity contours in the right portion of Figure 14 , at y þ ¼ 50 also shows less clear structure than those nearer to the wall. Particles are not visualizing the flow structures.
VI. DISCUSSION
Although the basic elements of centrifugal acceleration and wall reflection are intuitive, the manner in which they occur in the turbulent serpentine channel holds some intrigue. We propose the term reflection layer to describe the thick layer of elevated concentration seen in the bend. The layer becomes notable above a Stokes number (St b ) threshold near to unity and thickens with increasing St b .
Reflection creates particulate velocity fluctuations. This is quite different from the production and dissipation rationale for fluid velocity variance; of course, a local budget of particle velocity variance will balance, but production by wall reflection is quite different from usual Eulerian twophase ideas.
The particle mean velocity field differs from the fluid velocity because of centrifugal acceleration and wall reflection, but also because it is conditioned on the presence of particles. As particles disperse out of a high concentration layer, their mean flow is away from the layer, even though there may be no mean fluid flow in that direction. Consequently, the mean particle velocity is a function of St b and all other process that lead to nonuniformity in the concentration.
Lagrangian particle tracking is expensive, in the sense that creating Eulerian data by binning requires a large number of particles and long computing time in order to accumulate statistics. This is especially apparent near the inner bend, where heavy particles are expelled by their inertia. Studies on sensitivity to the binning mesh and the averaging time are provided in Huang. 13 The mesh that was selected, and the number of particles and averaging time, to provide better than 10% accuracy of mean concentrations in the regions of significant concentration. Thus, the data 
